Background/Aims: Age-associated and stress-induced involution of the thymus is accompanied by reduced numbers of thymic epithelial cells (TECs) and severe reduction in peripheral T cell repertoire specificities. These events seriously affect immune function, but the mechanisms involved are unclear. Our preliminary findings showed that doxycycline (Dox) could drive the proliferation of a TEC line (MTEC1 cells) partially via the MAPK signaling pathway. Dox can also up-regulate IL-6 and GM-CSF expression via the NF-κB and MAPK/ERK pathways. Herein, we investigate the effects and mechanisms used by Dox that protect against mitomycin C (MMC)-induced MTEC1 cell apoptosis. Methods: MTEC1 cells were treated with Dox, MMC, and Dox plus MMC for different amounts of time. The expression of Trx2, NF-κB, Bcl-2, and Bax proteins were then detected by western blotting. Results: Our findings show that Dox protects MTEC1 cells from MMC-induced apoptosis. Dox up-regulated the expression of Trx2 and promoted NF-κB phosphorylation. Meanwhile, Dox also increased the expression of Bcl-2, partially reduced the expression of Bax, and normalized the ratio of Bcl-2 to Bax. Conclusion: Dox exerts an anti-apoptosis function via the NF-κB-Bcl-2/Bax and Trx2-ASK1/JNK pathways in vitro. Therefore, Dox may represent a drug that could be used to attenuate thymic senescence, rescue thymic function, and promote T cell reconstitution.
Doxycycline Protects Thymic Epithelial

Introduction
The thymus is the central organ for T cell development. Within the thymus, thymic epithelial cells (TECs) play a critical role in this process. However, the thymus undergoes degeneration and atrophy at early time points in humans and mice, and accelerates with ageing. Thymic atrophy can be caused by infectious disease (such as HIV infection), hunger, radiotherapy, chemotherapy, transplant rejection, immune suppression, and other serious diseases. The most common trigger for thymic atrophy is age-related degeneration and atrophy. Thymus degeneration and atrophy not only decrease thymic output, but also reduce thymic size and TEC cellularity. Moreover, the thymic tissue structure changes markedly [1, 2] . Currently, we can repopulate myeloid and erythroid cells by infusing various hematopoietic growth factors in the clinic, but reconstituting lymphatic cells remains very difficult, especially for T cells [1, 3, 4] . If we can better understand the mechanism underlying thymic atrophy, in particular the apoptosis of TECs, it will accelerate efforts to reconstruct T cells in patients immunodeficiency caused by reasons that include senile immunodeficiency, infection (HIV), and transplant rejection [5] . However, the mechanism underlying the apoptosis of TECs remains unclear.
Doxycycline (Dox), a tetracycline antibiotic, has been found to trigger both physiological and pathological processes to regulate cellular apoptosis [6, 7] , immune responses [8, 9] , and inflammation [10] , in addition to its well-known antimicrobial effects. Our preliminary data show that Dox can drive proliferation in part via the Ras-MAPK signaling pathway [11] and also up-regulate expression of IL-6 and GM-CSF through the MAPK/ERK and NF-κB pathways [12] . Cellular apoptosis is the most prominent feature of thymic involution. Mitomycin C (MMC), an anti-tumor antibiotic agent, acts via the inhibition of DNA and RNA synthesis, eventually inducing cell apoptosis. Hence, it may mimic TEC atrophy when used to treat cells in vitro.
In the present study, we observed the the protective effect of MTEC cells treated with Mitomycin-C. The results show that Dox enhances the expression of Trx2 and promoted NF-κB phosphorylation. Meanwhile, Dox also increased the expression of Bcl-2, partially reduced the expression of Bax, and normalized the ratio of Bcl-2 to Bax. Dox exerts an antiapoptosis function via the NF-κB-Bcl-2/Bax and Trx2-ASK1/JNK pathways in vitro. Taken together, our results implicate the therapeutic potential of Dox on T cell reconstitution.
Materials and Methods
Chemicals and reagents
Dulbecco's Modified Eagle's Medium (DMEM) and fetal bovine serum (FBS) were purchased from Life Technologies Corporation (California, USA). Primary antibodies: rabbit anti-Trx2 (ab71261) pAb were purchased from Abcam (Hong Kong) Ltd. (New Territories , HK, China), rabbit anti-NF-κB-p65 (M270) pAb, rabbit anti-p-NF-κB-p65 (S276) pAb, rabbit anti Bcl-2 (BS1511) pAb and rabbit anti-β-actin pAb were purchased from Bioworld Technology, Inc. (Nanjing, China); Rabbit anti-Bax was obtained from Proteintech Group, Inc. (Chicago, USA). Secondary antibody: HRP-conjugated goat anti-rabbit IgG (H+L) pAb was bought from Jackson ImmunoResearch laboratories, Inc. (Pennsylvania, USA). Protease inhibitors cocktail was a product of Beyotime Institute of Biotechnology (Shanghai, China). AnnexinV-FITC/PI was purchased from MultiSciences Biotech Co. Ltd (Hangzhou, China). Mitomycin C (MMC, Kyowa Hakko Kogyo Ltd., Tokyo, Japan). Cell Counting kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan). Doxycycline (Dox), DMSO and Hoechst 33342 were purchased from Sigma-Aldrich Shanghai Trading Co. Ltd. (Shanghai, China). BAY11-7082, a NF-κB inhibitor affecting the inducible IκBα phosphorylation, was purchased from Calbiochem of the Merck Group (Shanghai, China). The inhibitor was dissolved in DMSO (10 mM) and the final concentration of DMSO in culture medium was 0.1%. An enhanced chemiluminescence (ECL) Western blotting detection system was obtained from Millipore (Billerica, MA). 4 /well in total volumes of 100 μL and cultured overnight at 37°C. All the media from the plates were removed and washed by PBS (pH7.4). Dox in serial dilutions (0, 0.1, 1, 10 and 100 μg/mL) were added to a total volume of 100 μL culture media, cells were cultured for 12, 24 and 36 h with triplicate wells for each concentration. MMC in serial dilutions (0, 0.2, 2, 20 and 200 μg/mL) was added to a total volume of 100 μL culture media, cells were cultured for 12, 24 and 36 h with triplicate wells for each concentration. Also, Dox (10 μg/mL) pretreated MTEC1 cells for 12 h and MMC (20 μg/mL) treated for 12, 24 and 36 h. CCK-8 (10 μL/well) was added 4 h prior to the end of culture, after which the absorbance at 450 nm was measured using a microplate reader (Bio-Tek Instruments Inc., Vermont, USA). All experiments were replicated in triplicate wells and repeated three independent times.
Hoechst 33342 staining for apoptosis assessment MTEC1 cells were seeded at a density of 1 × 10
5
/well in 24-well plates in total 1 mL volume and pretreated with or without Dox (10 μg/mL) for 12 h, and co-cultured with 20 μg/mL MMC for another 24 or 36 h. Hoechst 33342 solution was added into media at a final concentration of 5 μg/mL. The cells were continuous cultured in 5% CO 2 at 37°C for 30 min. After that, cells were washed twice with PBS and fixed by 4% paraformaldehyde. The cellular morphology were observed and imaged under Zeiss Axio Observer A1 inverted stand Fluorescence Microscope (Carl Zeiss Group, Baden-Württemberg, Germany). Apoptosis was defined as the presence of nuclear fragmentation on Hoechst 33342 staining.
Annexin V-FITC apoptosis assay
Cells apoptosis were detected by staining with an AnnexinV-FITC/PI apoptosis detection kit according to the manufacturer's protocol. Briefly, MTEC1 cells were seeded at a density of 1 × 10 5 /well in 24-well plates in total 1 mL volume. Cells were cultured overnight and washed with PBS (pH7.4), the media was 100% change into fresh pre-warmed complete media. After that, MTEC1 cells were pretreated with or without Dox (10 μg/mL) for 12 h, and co-cultured with or without 20 μg/mL MMC for another 24 h or 36 h. MTEC1 cells were washed with PBS (pH=7.4), digested with 2.5% trypsin-EDTA, collected in DMEM medium with 10% FBS, and the cell suspension was centrifuged at 800 rpm/min for 10 min. Subsequently, the cells were resuspended in 250 μL Annexin V binding buffer, and incubated with 5 μL PI and 2.5 μL Annexin V-FITC in dark for 15 min at room temperature. Apoptotic cells were identified and quantified using an Accuri™ C6 Flow Cytometry (Becton, Dickinson and Company, California, USA).
Quantitative real-time PCR MTEC1 cells (5 × 10
5
) were cultured in 6-well culture plates overnight and treated with or without different concentration of Dox, MMC and Dox plus MMC for different time. Quantitative real-time PCR (QPCR) analysis was performed as previously described [16] . Total RNA was isolated using TrizolTM reagent (Life Technologies), and cDNA was synthesized by a reverse transcriptase, RevertAid First Stand cDNA Synthesis Kit (M-MuLV Reverse Transcriptase) (Fermentas, Thermo Fisher Scientific (China) Co., Ltd, Beijing, China). The QPCR were performed on an Bio-Rad real-time instrument CFX 96 using SYBR Premix EX TaqTMII (TaKaRa, Dalian, China). Relative mRNA expression level was normalized to Housekeeping gene β-actin mRNA expression. Values are presented as the means ± SEM of triplicate measurements. The primers using for QPCR amplification of Trx2, Bcl-2, Bax and β-actin are listed in Table 1 .
Western blot MTEC1 cells were seeded into 6-well culture plates at a density of 5 × 10 5 /well, cultured overnight and treated with Dox, MMC and Dox plus MMC for different time. The MTEC1 cells were lysed in RIPA buffer (50 mM Tris-HCL with pH 7.4, 1% TritonX-100, 1% sodium deoxycholic acid, 0.1% SDS, 2 mM EDTA and protease inhibitors cocktail), plated on ice for 20 min, sonicated and then centrifuged at 14,000 g for 10 min at 4°C. After protein concentration, quantification was performed with the modified Bradford assay (Beyotime Institute of Biotechnology, Shanghai, China), 60 μg total proteins were subsequently used for western blotting with primary antibodies against Trx2, NF-κB, p-NF-κB, Bcl-2, Bax and β-actin. Blots bands were visualized with an enhanced chemiluminescence kit (ECL) (GE Healthcare) and scanned by the ImageQuant LAS 400 mini ECL system (GE Healthcare, USA).
Statistical analysis
All data are shown as mean ± standard deviation (SD). One-way analysis of variation (ANOVA) and 2-sided Student's t test were used. A value of p < 0.05 was accepted as statistically significant. found that MMC obviously induced cell death in MTEC1 cells and Dox rescued cells from cell death in dose-and time-dependent manner, the most appropriate concentrations of Dox was 10 μg/mL (Fig. 1) .
Dox can convert MTEC1 cells apoptosis induced by MMC
To declare the effect of Dox on the MTEC1 cells, the Hoechst 33342 staining and Annexin V-FITC assay were used to evaluate the apoptosis in MTEC1 cells treated with MMC, Dox and MMC plus Dox. Compared to control, less nuclear fragmentations were detected in MTEC1 cells treated with Dox plus MMC than that of treated with MMC, but more than that of treated with Dox ( Fig. 2A and B) . The apoptosis rates were evaluated according with the presence of nuclear fragmentations (Fig. 2C) . To further confirm the protection effect of Dox, we use FCM to detect the apoptosis with Annexin V-FITC/PI double staining. Likewise, Dox could rescue cells treated with MMC from apoptosis (Fig. 2D) .
Dox promote the activation of Trx2 in MTEC1 cells
In our previous study we found that Dox can up-regulate the Trx2 expression analyzed with surface-enhanced laser desorption/ionization-time of flight （SELDI-TOF）MS (data not show). However, Trx2 play an important role in regulation of the mitochondrial membrane potential and in protection against oxidant-induced apoptosis. Therefore, we speculate that Dox may reverse cells from apoptosis via upregulating Trx2 expression. The results showed that Dox rescued the expression of Trx2 treated with MMC both in mRNA and protein levels (Fig. 3A, B and C) .
The effect of Dox on NF-κB levels in MTEC1 cells
To explore the further mechanism, we investigated the Trx2 signal pathway in Dox treated MTEC1 cells. NF-κB is known to be downstream of Trx2, and the p65 subunit of NF-κB can interact with Trx2 in the oxidized state [17] . So we detected the phosphorylation level of NF-κB. As shown in Fig. 4A , Dox increased phosphorylation of NF-κB as early as 4 h after treatment, while it began to decrease after treated with MMC 1 h. However, Dox could partly reverse the decreasing of phosphorylation of NF-κB when pretreated with Dox. To confirm this phenomenon, we used 10 μM BAY11-7082 (an inhibitor of the phosphorylation of IκBα) to pretreated the MTEC1 cells for 1 h, and then added Dox (10 μg/mL) for 4 h, it was found that Dox could reverse the inhibition effect of BAY11-7082 on NF-κB (Fig. 4C) .
The effect of Dox on Bcl-2/Bax levels in MTEC1 cells
Bcl-2 families play a critical role in cell survival and apoptosis, they consist of two sub-groups: the anti-apoptotic proteins and the pro-apoptotic proteins. Bcl-2 is a very important protein which can inhibit the cell apoptosis, but Bax promote cell apoptosis [18, 19] . The ratio of Bcl-2/Bax determines whether a cell will survive or undergo apoptosis [20] . Since Bcl-2 and Bax are downstream of NF-κB [21] , we speculated that Dox rescues cells from apoptosis via NF-κB to regulate the balance between Bcl-2 and Bax. We analyze the expression Bcl-2 and Bax by real-time PCR and Western blot in Dox treatment MTEC1 cells.
It was demonstrated that Dox could increase the expression level of Bcl-2 and decrease that of Bax (Fig. 5) .
Discussion
The thymus is a primary immune organ in vertebrates. Within the thymus, several cell populations can be found, including thymic stromal cells and developing T cells of a hematopoietic origin. T cells undergo a process of extensive "education" for export to the periphery culminating in the establishment of a functional and effective adaptive immune system. Stromal cells include epithelial cells of the thymic cortex and medulla, along with dendritic cells allow for the selection of a functional and self-tolerant T cell repertoire. Therefore, the thymus is essential for maintaining immune homeostasis. More importantly, the thymus is at its largest and most active during the neonatal and pre-adolescent periods. Unfortunately, by early adolescence, the thymus begins to atrophy, shrinks with age, and exhibits changes in its architecture. With aging, stroma is replaced by adipose tissue and a reduced output of naive T cells occurs [1, 5] . Concurrently with thymic involution, TCR diversity drops. Loss of thymic function and TCR diversity is thought to contribute to weaker immunosurveillance in elderly individuals, including increased occurrence of diseases that include cancers, autoimmunity, and opportunistic infections [5] .
Additional, the thymus has been shown to undergo acute thymic atrophy or involution under certain circumstances, such as stress [22] , infection [23] , pregnancy [24] , malnutrition [25] , dexamethasone, chemotherapy, ionizing radiation, and hematopoietic stem cell transplantation [26, 27] . It has been reported that thymic atrophy or involution is plastic, meaning that it can be therapeutically halted or reversed. Keratinocyte growth factor (KGF) [28] and interleukin (IL)-7 [29, 30] are effective cytokines that can reverse atrophy of the thymus. However, KGF can also promote the proliferation of epithelial cancer cells [31, 32] , and IL-7 largely contributes to T cell development but does not rescue the senescence of TECs [30] .
Cellular apoptosis and abnormal expression of Bcl-2 and Bax have been implicated in the mechanisms underlying thymic involution and/or senescence [33, 34] . Bcl-2 family member proteins play critical roles in cell survival and apoptosis, and they consist of two sub-groups: anti-apoptotic and pro-apoptotic proteins. Bcl-2 is a very important protein that can inhibit cell apoptosis, whereas Bax can promote cell apoptosis [18, 19] . The ratio of Bcl-2-to-Bax determines whether a cell survives or undergoes apoptosis [20] . Dox has been shown to both inhibit proliferation and invasiveness of cancer cells [35] [36] [37] , and also to protect neurocytes from apoptosis by directly inhibiting the enzymatic activity of PARP-1 [6, 38, 39] . However, the details of the mechanism involved remain unclear.
In this present study, we have shown that Dox could protect the MTEC1 thymic epithelial cell line from apoptosis induced by MMC. Indeed, the protective role of Dox occurred in the early stage of apoptosis declined from 18.2 ± 2.1% to 12.1 ± 3.3% at 36 h, while the rate of late stage of apoptosis, treated with or without Dox, is close to 30% at 36 h, there was relatively large statistic difference in late stage of apoptosis (Fig. 4 and 5) . Therefore, we consider the protective effect of Dox is associated with early stage of apoptosis; the potential mechanism needs further study. Bcl-2 and Bax are downstream of NF-κB [21] , so we speculated that Dox might rescue TECs from apoptosis via the NF-κB signaling pathway and regulate the balance between Bcl-2 and Bax levels. Our results showed that Dox promoted NF-κB phosphorylation and increased Bcl-2 expression and the Bcl-2-to-Bax ratio. By contrast, MMC inhibited the phosphorylation of NF-κB, reduced Bcl-2 expression and the ratio of Bcl-2-to-Bax, and increased the expression of Bax (Fig. 4 and 5 ). After pretreatment with Dox and continuous treatment with MMC, the protein expression level of Bcl-2 did not obviously change, but the mRNA level increased, the expression of Bax was somewhat decreased, and the ratio of Bcl-2-to-Bax was partly rescued in MTEC1 cells (Fig. 4 and 5) .
Previously, Dox has been shown to promote MTEC1 cell proliferation and cytokine synthesis. Using SELDI-TOF MS, we demonstrated that Dox up-regulated the expression of thioredoxin (Trx) [40] . Trx belongs to a class of small redox proteins and has an active conserved site, Cys-Pro-Gly-Cys, that is essential for its function as both an active oxidoreductase and an electron donor of some peroxiredoxins, which are important molecules for the reduction of peroxides. Trx is an important regulator of the redox balance within a cell and has been implicated as an anti-apoptosis and cell survival factor in many contexts, including cancer and neurodegenerative diseases [41] . Trx has two major isoforms, Trx1 and Trx2. Trx1 has been reported to be a cytoplasmic protein, whereas Trx2 shows a mitochondrial localization. In Dox-treated MTEC1 cells, we found that the Trx2 was markedly up-regulated. However, Trx2 was down-regulated by MMC in MTEC1 cells and showed no long-lasting change in MTEC1 cells that were treated with MMC plus Dox. It has been shown that Trx2 can inhibit cell apoptosis via inhibition of the ASK1/JNK signaling pathway [42] . In conclusion, Dox protects TECs from apoptosis via the NF-κB-Bcl-2/Bax and Trx2-ASK1/JNK signaling pathways and may serve as a novel reagent for the treatment of thymic atrophy. Of course, understanding the detailed anti-apoptotic mechanisms triggered by Dox in TECs will require further study.
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